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ABSTRACT

Exogenous administration of prostaglandin F

2

alpha initiates a

dramatic series of functional alterations within the mammalian corpus
luteum.

These changes culminate in luteolysis and the termination of

pregnancy.

The present study examines which ultrastructural changes

parallel this functional decline, and explores potential mechanisms
for interference with steroidogenesis.
Ovaries from control and prostaglandin F a -treated ICR-CDl mice
2
were examined by light and electron microscopy.

Nine mice each wer,e

randomly assigned to experimental or control groups.

Animals were

injected subcutaneously with either 200 µg of PGF a or vehicle alone
2
on day 4, days 4 and 5, or days 4, 5, and 6 of pregnancy.

Thus each

animal received a cumulative dose of either 200, 400, or 600 µg of
prostaglandin.

On the last day of dosage, the ovaries were prepared

for microscopic examination.

Observations of this organ at light

and electron microscopic levels were correlated.
Results indicated that PGF

2a

causes acute cell injury of luteiniz-

ing cells at thi= ultrastructural level.
minutes after initial injections.

Alterations were sden 60

Cellular damage was progressive,

and became most definitive after administration of 600 µg of prostaglandin.

The corpus luteum at this stage was characterized·· by high amplitude

swelling of mitochondria, dilation of the cisternae of granular and
agranular reticula, detachment of ribosomes, alteration of the Golgi

iv

apparatus, and the appearance of autophagic vesicles and secondary
lysosomes.

Lipid droplets appeared to increase.

The significance

of these observations will be correlated with mechanisms postulated in the literature to explain prostaglandin induced luteolysis.
(The PGF a was kindly donated by Dr. J. E. Pike, Upjohn Company,
2
Kalamazoo,' Michigan.)
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INTRODUCTION
Prostaglandins are a group of 20 carbon carboxylic acids which
have distinct effects upon the mammalian reproductive system (Pike,
1972).

Exogenous administration of prostaglandin F
,

h initiates
2 a 1p a

a dramatic series of functional alterations within the mammalian
corpus luteum.

These changes are reflected in a decreased secretion

of progesterone, which promotes luteolysis and the termination of
pregnancy (Pharriss and Ramwell, 1972).

Several mechanisms have

been postulated in the literature to explain prostaglandin-induced
luteolysis.

These include vascular insult to the ovary, alterations

of gonadotropin secretion, and a direct effect upon lutein cells
leading to a depletion of steroidogenic pool of cholesterol (Labhsetwar,
1974).

None of these alternatives adequately explains luteal degenera-

tion in all species under all experiemental conditions.

It is the

purpose of this study to examine which ultrastructural changes parallel this functional decline in the corpus luteum verum of the ICR-CDl
strain of mice, and to consider whether one or a combination of mechanisms is responsible for interference with steroidogenesis.
alterations at the fine level may be indicative of modified
activity and vice versa.

1

Structural
~hemical

REVIEW OF THE LITERATURE

The history of prostaglandins began in the early 1900's when
crude extracts of bull's prostate glands were observed to dramatically increase canine blood pressure (Japelli and Scafa, 1906);
corresponding extracts of humans diminished it (Battez and Boulet,
1913).

Subsequent investigations of seminal fluid from human

prostates showed substances within the fluid itself stimulated or
depressed uterine motility, which effects were dependent upon the
woman's state of fecundity (Kurzrok and Lieb, 1930).

Smooth muscle

activity was most responsive to such stimulation (Goldblatt, 1933,
1935; Euler, 1934, 1935).

Euler's preparations contained numerous

biologically active substances which were naturally derived, polyunsaturated hydroxyl fatty acids, which he called prostaglandins.
The two most important effects attributed to his prostaglandins were
to decrease arterial blood pressure, and to increase smooth muscle
activity.
The chemical structure of prostaglandins is that of a cyclopentane
ring with two carbon side chains adjacent to one another; o'ne of
these carries a carbonyl group at the terminal position (Figure 1).
The naturally occurring members of the family are considered derivatives of prostanoic acid.

They are segregated into four groups:

E, F, A, and B, all of which have a trans double bond at
a hydroxyl group at

c15 .

c13 , 14 and

The six major prostaglandins are of the

E and F series, which have another hydroxyl group at
2

c11 •

They are

3
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FIGURE 1. Prostanoic acid and so.rrfi naturally occurring prostaglandins.
(Detitta, G. T. (1975) Sci. 191: 1271-1272).

4

distinct from one another in that the E series has a carbonyl function at c ; the F series has a hydroxyl group in this position.
9
The A and B series are dehydration products of the E and F series,
having replaced the hydroxyl at
tane ring at

c11

with a double bond in the cyclopen-

c10 , 11 (Caton, 1973). The A series are alpha and beta

unsaturated ketones which are unstable (Weinshenker and Andersen,
1973), which readily rearrange under alkaline conditions to B forms
with the ring's double bond between

c8 ,

12

(Caton, 1973).

The

prostaglandins are designated with subscript 1, 2, or 3 depending
upon the number of double bonds present (Pike, 1972).

The six major

prostaglandins are PGE and PGF in the 1, 2, and 3 series.

In addition,

all prostaglandins have several asymetric centers which are potential a
or S stereoisomers (Caton, 1973), although in mammalian tissues only
one isomer of each type has be'en isolated (Weinshenker and Andersen,
1973).

.

of the

With the F series the term a or 13 denotes the configuration

c9

hydroxyl group, since 13 compounds are synthetic reduction

products of E prostaglandins (Caton, 1973).

Thus the structure. of

prostaglandin F a is that of a 20 carbon carboxylic acid of molecular
2
weight 356.5.

c11 ,

and

c15 )

It has three hydroxyl groups in the a position (c ,
9
and two double bonds (c ,
and
5 6

The commonly occurring

p~ostaglandins

c13 ,

14

).

have three sources of supply:

direct tissue extraction, biochemical synthesis from precursors, and
total chemical synthesis.

Although ubiquitous in mammalian tissue,

their concentrations are frequently low, making direct extraction
impractical.

A rich source of prostaglandin is the gorgonian of

the Caribbean Sea, Plexaura homonella.

This coral

contain~

15-epi

5

prostaglandin, from which natural prostaglandins are derived.

Total

chemical biosynthesis of prostaglandin provides oxidation and cyclization of polyunsaturated fatty acids.

This procedure yields E and

F prostaglandins, as well as other prostaglandin analogues (Pike,
1972).

In the present research, prostaglandin F 2 alpha - trometh-

amine salt (PGF 2a) was synthesized by the latter method, and a compound having a molecular weight of 475.6 was used (Pike, 1975).
In recent years large volumes of publications have been completed
with respect to synthesis, storage, metabolism, and effects of

PGF a
2

both in vivo and in vitro (Karim, 1972; Southern, 1972; Ramwell,
1973).

Rapid progress in research on 3', 5'-AMP (cyclic AMP) has

paralleled growing knowledge of prostaglandins, and a search for
interrelated mechanisms between the two has been initiated.

Briefly,

it must be recalled that release of circulating hormone (first messen.ger) causes activation of the membrane bound adenyl cyclase system
of the effector cell.

2
In the presence of 5 '-ATP and Mg + ions, the

enzyme adenyl cyclase produces cyclic AMP (second messenger), which
in turn activates protein kinase and various physiologic responses,
including production of steroids (third messenger).
'I

Recent investigations have suggested that prostaglandiri's may
act by changing intracellular levels of cyclic AMP.

In leukocytes

and• platelets (Robison et al. , 1969) , thyroid tissues (Field .et al.,
1971) and corpus luteum (Marsh, 1970), prostaglandins stimulate
activity of adenyl cyclase, thereby increasing production of cyclic
AMP.

These and other findings have suggested that prostaglandins

6

mediate responses as variable as those attributed to cyclic AMP
(Pharriss and Ramwell, 1972).
It

is well known that prostaglandins are synthesized in mammalian

reproductive organs, and that mechanisms of steroidogenesis are involved
(Nakano, 1973).

These organs include the seminal vesicle, testes,

prostate, uterus, and placenta.

The reproductive functions associated

with prostaglandins are quite numerous: ejaculation, sperm activation,
sperm transport in the female, oocyte's meiosis, lutein steroidogenesis,
luteolysis, transport of ova, menstruation, dysmenorrhea, spontaneous
abortion, labor, cervical relaxation, and clamping of the umbilical
cords (Pharriss and Ramwell, 1972).
Recent work upon the mammalian female reproductive system
has focused attention on the luteolytic and antifertility effects
which prostaglandins exert on the ovary and smooth muscle of the
uterus (Nakano, 1973) and most especially upon biosynthesis of
the steroid,

progest~rone.

Progesterone counteracts the luteolytic

·factors of pregnancy and hence.is important in the maintenance
of pregnancy; in the mouse the corpus luteum is its only source
(Kovacic, 1970).
The source of this steroid is cholesterQl, which is formed
from lipid precursors by the action of cholesterol synthetase.
Conversion of cholesterol via cholesterol esterase yields the intermediate, pregnenolone, by oxidation cleavage of the side chain.

The

enzyme 3S -OH dehydrogenase catalyzes the dehydrogenation of pregnenolone
to progesterone (Hafez, 1970).

Free and esterified lipid pools

are essential to steroid synthesis, with the former being available

I!!'!""-

7

for progesterone synthesis.

Pool size is directly affected by

activity of cholesterol esterase and cholesterol synthetase.

A

decrease in the free pool results in a decrease in progesterone with
a corresponding increase in the ester pool (Labhsetwar, 1974).

Since

the corpus luteum of mammalian pregnancy synthesizes the release
of progesterone to maintain pregnancy, it is evident that alteration
of either function of the corpus luteum or the levels of progesterone
will affect the state of pregnancy.
Exogenous administration of prostaglandin F a has terminated
2
mammalian pregnancy in many laboratory species, probably by decreasing
progesterone synthesis (Nakano, 1973).

When pregnant animals were

injected with PGF a , lysis of luteal bodies occurred which resembled
2
that of natural luteolysis (Pharriss and Ramwell, 1972).

When adminis-

tered to the rat, prostaglandin F a depressed formation of cholesterol
2
esters by 75% and progesterone by 50%.
the administration of prolactin.

This effect was reversed by

Activities of cholesterol ester

synthetase and cholesterol esterase were also depressed.

The end

result was a decrease in cholesterol ester turnover and a decrease
in available cholesterol for conversion to progesterone.

These biochem'I

ical effects indicate luteolytic action on the corpus luteum, ·whose
effect is possibly mediated by neutralizing prolactin.

Behrman,

F a when
MacDonald, and Greep (1971) suggested that prostaglandin
2
administered in doses of 0.5 mg/kg b.i.d. to hypophysectomized animals
prevented the trophic action of prolactin in cholesterol synthetase
activity.

8

Although the mechanisms by which prostaglandin initiates
luteolysis have not been discerned, two hypotheses have been
advanced.

The first involves competitive antagonisms between PGF a
2

and certain gonadotrophic substances, perhaps luteotropin.

The

second involves PGF a.'s capacity to reduce ovarian blood flow by
2
vasoconstriction (Pharriss and Ramwell, 1972).
The purpose of this research is to demonstrate the mediating
effect which prostaglandin F

2

alpha exerts upon mouse ovarian tissue

at the ultrastructural level, in order to clarify which cellular
structures are disrupted in the corpus luteum of pregnancy.

Changes

in fine structure may reflect altered chemical activity and vice
versa.

· MATERIALS AND METHODS
A.

PREPARATION AND PROCESSING OF TISSUE
Charles River ICR-CDl mice of approximately 60 days of age

were maintainefi under standard .laboratory conditions on a 12-hour
light schedule.

The animals were fed Purina Lab Chow ad libitum,

and received distilled, de-ionized water.
28.8

± 4.6

grams.

Their mean weight was

For the procedure, 18 females were divided equally

into experimental and control groups.

The females were bred randomly,

with pregnancy confirmed on the morning following coitus by the
presence of a vaginal plug.
gestatiorr (Allen, 1922).

This time was considered dpy 1 of

At 0800 hours either on day four, days

four and five, or days four, five and six, experimental mice were
injected subcutaneously with 200 µg of tromethamine salt of prostaglandin F 2ci. which was prepared in 0.2 ml of 0.2 M Sorenson's phosphate
buffer.

This prostaglandin was kindly donated by Dr. J. E. Pike

of the Upjohn Company, Kalamazoo, Michigan.

Thus each animal re-

ceived a cumulative dose of either 200, 400 or 600 µg of prostaglandin.

Control animals were dosed with vehicle alone.

The1 times

of administration were selected because they parallel the increase
of progesterone during the first trimester of pregnancy in the
mouse (Saksena et al., 1974).
At 0900 hours on the last day of dosage, pregnant females
were killed by cervicle fracture.

The ovaries were fixed in situ

and quickly scored for corpora lutea.
9

One was placed into cold

11)

3% paraformaldehyde, in Sorenson's phosphate buffer, pH 7.2, to
be processed for electron microscopy.

The other ovary was placed

intact into cold 3% paraf ormaldehyde to be processed for light
microscopy.

The selection of ovaries for microscopy was done

randomly.
B.

PROCESSING OF TISSUE

1.

LIGHT MICROSCOPY
Fixed ovaries were dehydrated and infiltrated using successive

changes of 80% (x2), 95% (x3), and absolute ethanol (x3) for 2
hours each, cleared in toluene (x2), infiltrated under vacuum for
0

1 hour with paraffin at 55 C and embedded.

Serial 5

~

sections

were cut on an American Optical 820 microtome and mounted on glass
slides, stained using either hematoxylin and eosin or Periodic
Acid Schiff reagent.

Representative sections were examined for

morphology and photographed on a Zeiss photomicroscope II containing
Kodak Panatomic-X film.

Sections were viewed at magnifications

of 25X, lOOX and 400X.
2.

ELECTRON MICROSCOPY

Dehydration, infiltration, and embedding were carried out accord3
",
ing to the method of Luft (1964). The 1 mm blocks were rinsed
in several changes of 0.2M cold Sorenson's buffer, pH 7;2, and
held for 1 hour.

Postfixation was performed in cold 1% osmium

tetroxide, in 0.2 M phosphate buffer, pH 7.2, for 60 minutes.
After washing with phosphate buffer, sections were dehydrated in
two 15 minute changes of 50%, 70%, and 95% ethanol.

Tissues were

11

held at 22°C first in absolute ethanol for 2 successive 30 minute
periods and then in propylene oxide for 2 successive 30 minute periods.
Reagents for infiltration were prepared according to the method
of Pease (1964).

They were modified as follows:

224 ml of Epon

812 was mixed with 216 ml of dodecenyl succinic anhydride (DDSA)
and 71 ml of nadic methyl anhydride (NMA).

An accelerator of

polymerization, DMP-30, was added in the amount of 7.5 ml.
procedure for infiltration was as follows:
oxide was aspirated from the tissue.

The

all but 1 ml of propylene

An equal quantity of Epon

mixture was added, agitated with fluid while avoiding bubbles,
and allowed to infiltrate the tissue for 1 hour at 22°c.

Another

2 ml of Epon mixture was added and agitated to continue the infiltration process for 16-24 hours.

Capsules were appropriately labe.led

and filled with fresh Epon mixture.

Using a wooden applicator tissues

were removed from their processing bottles and oriented into the
capsules.

A minimum of 3 blocks was embedded for each tissue.
0

0

The blocks were successively cured at 4 C for 24 hours, 60 C for
48 hours, and 22°c for 24 hours prior to sectioning.
For exploratory sectioning, the blocks were initially trimmed
into truncated pyramids:

One micron sections were prepared using

a Porter-Blum manual microtome equipped with a glass knife.

Sections

were collected onto glass slides, and stained with toluidine blue,
and examined for the presence of corpora lutea.

Once the des.ired

areas were identified, the block faces were razor trimmed, and
thin sections of 600-900 ~ prepared on a Porter-Blum MT-2 microtome

12

equipped with a diamond knife (DuPont).

Sections were collected

onto 200 mesh copper grids.
Two reagents for staining were used:

a saturated 8% solution

of uranyl acetate and a fresh solution of 3.6 x 10

-3

M lead acetate

3
and 5.9 x l0- M sodium citrate in de-ionized, distilled water.
Both solutions were filtered inunediately before use.
The 200 mesh grids were stained as follows:

2 drops of uranyl

acetate were placed onto parafilm, and then the grids were placed
section side down onto the drops for 30 minutes.

Grids were washed

in 2 changes of 70% ethanol and 3 changes of de-ionized, distilled
water, then.blotted onto bibulous paper to remove excess fluid.
The grids were then stained for 5 minutes in lead acetate, washed
in 3 changes of distilled, de-ionized 'water, and blotted.
Tissues were examined using an RCA-3H electron microscope.
·No less than 10 fields were scanned per specimen.

Kodak 4489 film

was developed using a Durst enlarger and printed using Kodabromide

113 paper.

Representative photomicrographs were taken at selected

magnifications and photographically enlarged to final magnifications
'I

of X6,152, Xl4,080, X33,700 and X47,500.

A scale of measurement

accompanies the first micrograph of each series of magnifications.
In all cases, fields which were used for figures are typical rather
than atypical of what was observed at all structural levels.

Pre-

liminary circumferential measurements of nuclear/cytoplasmic ratios
showed no apparent differences between experimental and control
animals for this parameter.

13

Photomicrographs from the present investigation were carefully
examined and compared with comparable micrographs of atlases, reference
textbooks, and journal publications.
following:

Among such works are the

Pease (1964), DeDuve and Wattiaux (1966), Sorval (1967),

Bloom and Fawcett (1968), Crisp and Browning (1968), Fawcett (1969),
Dawes (1971), Okamura et al. (1972), Bittar (1973), Arey (1974),
Okamura et al. (1974) and DiFiori (1975). -rn addition many
biochemical and endocrinological references were consulted in discerning the effects of prostaglandin F a upon mouse ovarian tissue.
2
These publications include:

Balin and Glasser (1972), Hinman (1972),

Kirton et al. (1972), Phariss et al. (1972), Cuthert (1973), Kahn
(1973), Lau (1974), and Weeks (1974).

RESULTS
OVARY
The mouse ovary consisted of cortex and medulla and was surfaced
with germinal epithelium.

Corpora lutea of pregnancy were seen on the

cortical surface of the ovary of both control and experimental animals
as bright red globules (corpus luteum verum); those which were inactive
were paler (corpus luteum spurium).

The c'ortex contained eggs within

follicles in various stages of development, transformed follicles, degenerating remains, and atretic follicles.
larized medulla had a fibrous center.

In contrast, the more vascu-

Later microscopic observations

showed that the ovaries varied in size without apparent relationship to
the stage of pregnancy or type of treatment (Figure 2).
CORPUS LUTEUM
LIGHT MICROSCOPIC OBSERVATIONS
The corpus luteum of pregnancy of both control and experimental
animals was a large structure with folded walls consisting of three
major cell types:

theca externa, theca interna, and granulosa lutein

cells (Figure 3).

The cells of the theca externa formed the poorly de-

fined capsule which sometimes protruded into the corpus
types of lutein cells were discerned:
cular granulosa cells.

luteu~.

Two

the theca interna and the folli-

The smaller of the two lutein cells was the

theca interna, which was approximately 15µ in diameter and elongated to
approximately 25µ .

The theca interna cells demonstrated small, deeply

staining epitheliod elements which were called the theca lutein cells.

14

15
These cells, which aggregated peripherally in the folds of the
corpus luteum, are the source of estrogen in pregnancy (Bloom and
Fawcet, 1968).

More interiorly, epitheliod cells of the stratum

granulosum were specialized into granulosa lutein cells.

These

plump cells had a diameter of 20-25µ, with nuclei of 8-9 µ .
Their cytoplasm was clear, light staining, ,and abundant; it contained
numerous dark granules, which represent mitochondria and lipid
droplets.

These lutein cells were supplied with a small sinusoidal

capillary plexus.

Mitoses were rare in these cells, whose major

function is to produce progesterone and store lipids (Lentz, 1971).
Some cells did show small droplets; others showed none.
In both control and experimental animals, the plexi of· the
corpora lutea became engorged with erythrocytes as early pregnancy
progressed.

There was one significant morphological difference

between control and experimental specimens at the light microscopic
level for days 4 through 6, viz. vesiculated cytoplasm of experimental
specimens (Figure 3).
ELECTRON MICROSCOPIC OBSERVATIONS OF THE CORPUS LUTEUM
The typical morphology of the corpus luteum of pregnancy was apparent in electron micrographs (Figure· 4).

Boundaries betwe'-Em tissue

types became less definitive as gestation proceded (Figures 12,
20).

No definitive changes were observed in the theca interna cells

with respect to size or shape of organelles, or nuclear configuration
relative to duration of pregnancy or dosage of prostaglandin.
This is not unexpected, since these cells are not associated with
the synthesis of progesterone.

The nucleus of granulosa cells

16
showed no apparent effect with respect to euchromatin or heterochromatin on the basis of the amount of karyolysis (Compare
Figures 8 and 9, 16 and 17, 25 and 26).
Lipid droplets were the major inclusions of the granulosa lutein
cells of both control and experimental animals.
observed in the theca lutein eells as well.
150 to 300 mµ in diameter.

They were occasionally

Their sizes ranged from

Although variable in size and appearance,

there were no visible differences between lipids of control and
experimental tissues.

Larger droplets were dispersed singly or

in clusters, and were found in close association with- the smooth
endoplasmic reticulum (Figure 7).

Smaller droplets were dispersed

in the cytoplasm, and occurred occasionally between lamellae.
More osmophilic granules suggest a higher degree of unsaturation
(Fawcett, 1969).

Most lipids were homogeneous in content, although

some had their central cores extracted (Figure 12).

In luteal

cells of control animals there was no apparent difference in the
total number of lipid droplets between days 4 and 6.

However, in

luteal cells of animals dosed with prostaglandin F 2a. the total number
of droplets increased progressively from days 4 to 6 (Figure 7
and Figure 24).

This increase appears to be at least twofold or

more and is' consistent with the biochemical finding of Behrman et al.

(1971).
Numerous mitochondria were dispersed within the cytoplasm of
the granulosa lutein cells of both control and experimental animals.
As gestation proceeded in both control and experimental animals,
the number of mitochondria appeared to remain constant.

In .control

17
specimens, mitochondria varied from 1 to 3 mµ and were frequently
in close association with lipid droplets (Figures 6, 15, and 22).
Their shape was rod-like to round.

The configuration of their

cristae mitochondriales was tubular, vesicular, or tubovesicular.
Globular .to irregularly shaped inclusions with variable osrnophilia
were observed within some of them (Figure 10).
homogeneous and of low density.

The matrices were

Occasionally whorled figures were

seen within the mitochondria (Figure 25).

In specimens of experi-·

mental animals, mitochondrial structural integrity progressively
deteriorated, beginning immediately on day 4.
high amplitude swelling were evident.
11, 17 and 18, and 27 and 29).

Varying degrees of

(Compare Figures 10 and

Both matrical density and cristae

mitochondriales appeared to decrease with dosage of prostaglandin.
Smooth surfaced

endopl~smic.

reticula were present throughout

the cytoplasm of lutein cells of both control and experimental
animals (Figures 10, 11).
than others.

Some fields were more abundantly supplied

In control specimens, many granular reticula were

arranged into parallel undistended cisternae, which were often
in the proximity of mitochondria (Figures 15, 25), and sometimes
profiled them (Figure 8).

In the latter figure, numerO'Us free

ribosomes and polysomes were. evident throughout the cytoplasm.
In control specimens, the elaborate agranular reticulum appeared
as uniform circular and elliptical profiles or short segments of
tubules (Figure 10); it nearly filled the cytoplasm not occupied
by other organelles.

Since these membranes are unstable in steroid

producing cells (Fawcett, 1969), the dilation and rupture of

18
reticular membranes of granulosa cells of prostaglandin-treated
specimens·may have resulted from increased storage of steroid
precursors (Compare Figures 10 and 11, 17 and 19, 27 and 29).
Single

~embrane

limited structures with irregular morphology began

to appear after dosage with 200 µg of prostaglandin F a (Figure 11).
2
The cellular matrix became less dense and homogeneous.

Occasionally

inclusion bodies were scattered between apparently normal cells
(Figure 7).

The trend toward vesiculization was intensified on

day 5 after 400 µg total dose (Figure 14), but was most obvious
when the total dosage of 600 µg of prostaglandin had been given
(Figure 28).
29).

Other fields show progressed vesiculization (Figure

This effect correlated with the observed vesiculization of
e·

treated animals at the light microscopic level.

Although numerous

free ribosomes and polysomes were evident in control and experimental
animals, the amount of ribosomes within the luteal cells of experimental animals appeared to decrease between days 4 to 6 of pregnancy
(Compare Figures 10 and 11, 27 and 28).
In control and experimental animals, the junctions of cellular
membranes of lutein cells possessed many microvillous projections
into the perivascular space (Figure 15).

Cell junctions were close

as described by Crisp et al. (1970) and borders frequently smooth,
while distinct basement membranes existed between most cells (Figures
4, 5, 12, 13' 20, 21) .
The active Golgi apparatus of functional lutein cells of control
animals was prominent and frequently observed in close proximity

19
to the nuclei (Figure 25).

In the same figure, a membrane bound

granule of 160 mµ diameter was found within the Golgi region.
The Golgi apparatus of animals receiving a total dose of 600 µg
of prostaglandin showed considerable dilation, which may alter
production of secretory granules

(Co~pare

Figure 27 and 29).

Although no histochemistry was performed, the vesiculization within the cytosol of granulosa cells of experimental animals
suggested the occurrence of cytolysomes as described by Maggi (1973).
Maggi -and Oddy (1968) found similar vesicles in damaged tissue
to be acid phosphatase positive and suggested ihat they represent
Golgi vesicles.

Novikoff and Shin (1964) suggested that membrane

of agranular endoplasmic reticulum wrap themselves around cell residues, deriving enzyme from ribosomes attached to granular membranes
before transformation to agranular endoplasmic reticulum and cytolysomes.

These organelles were limited by a single, sometimes

double membrane which contained cytoplasmic residues such as mitochondrial fragments and membranes (Figures 19, 24).

In some fields

degenerating mitochondria were surrounded by a double membrane and
had matrices less dense than those of the control (Figure

29~.

Lysosomes with variable electron density and lysosomes with vesicles
were also observed (Figure 16).

Vesiculated structures m?Y be

precursors to autophagic vacuoles whose appearance marks the
initiation of luteolysis (Koering and Kirton, 1973).

PHOTOMICROGRAPHS
A~

EXPLANATION OF FIGURES
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21

FIGURE 2.

A light microscopic survey of corpus

luteum of untreated and treated mice on Day 4
of pregnancy showing morphology at lower magnifications.
X 25.

(3)

(1)

Control X 25.

Control X 100.

(2)

Experimental

(4) Experimental X 100.
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FIGURE 3.

A light microscopic survey of corpus

luteum of untreated and treated mice on Days
4, 5, and 6 of pregnancy.

X 400. (1) Control

Day 4 (2) Experimental Day 4. (3) Control Day
5.
(6)

(4)

Experimental Day 5.

Experimental Day 6.

(5) Control Day 6.
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FIGURE 4.

Photomicrograph showing morphology of the

corpus luteum including three distinct tissue layers:
theca externa (TE), theca interna (TI), and the progesterone secreting layer including granulosa (G),
and theca lutein (TL) cells.

x

6,152.

Control specimen, Day 4.
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FIGURE 5.

Photomicrograph showing morphology of the

corpus luteum including three distinct layers:

theca

externa, theca interna, and the progesterone secreting layer which consists of granulosa (G) and theca
lutein (TL) cells.

Experimental specimen Day 4. X 6,152.
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FIGURE 6.

Typical morphology of lutein cells

from control animal on Day 4 of pregnancy
showing lipid droplets (L), tubovesicular
mitochondria (M), and perivascular space (PV).

x 14,080.
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FIGURE 7.

Lutein cells from experimental animal

showing mitochondria (M) with high amplitude swelling and dilation of the endoplasmic reticulum (ER).
A nucleus (N) is seen at the bottom of the micrograph.

x 14' 080.
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FIGURE 8.

Lutein cell from control animal on Day

4 showing nucleus (N), mitochondria (M) and whorled
smooth endoplasmic reticulum (WSer) surrounding lipid
droplet (L).

Cisternae are evident. X 33,700.
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FIGURE 9.

Lutein cells from experimental animal show-

ing nucleus (N), lipid droplets (L), dilated endoplasmic
ret.iculum (arrow), and high amplitude swelling of mitochondria (M).

X 33,700.
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FIGURE 10.

Lutein cells from control animal on Day 4

showing ribosomes either attached or free,.mitochondrial
inclusions (arrow), and prominent cisternae with rough
endoplasmic reticulum (RER) surrounding them.

Whorled

smooth endoplasmic reticulum (WSer) is in close juxtaposition to a lipid droplet (L).

X 47,500.
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FIGURE 11.

Field from experimental animal on Day 4

showing high amplitude swelling of mitochondria (M).
Ribosomes are either attached or free.

In one area

ribosomes are observed within a single membraned
organelle (arrow).

A greatly dilated cisternae-

like structure is apparent.

Collagen fibers (Co)

and smooth endoplasmic reticulum (SER) are prominent
in this section.

X 47,500.
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FIGURE 12.

Control specimen on Day 5.

Boundaries

between tissue types a.re less definitive.

Lipid

droplets have been selectively extracted.

Lyso-

some-like (Ly) structures and collagen fibers are
apparent.

X 6,152.
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FIGURE 13.

Experimental specimen on Day S.

Transi-

tion between affected and less affected areas is apparent.

High amplitude swelling of mitochondria (M)

as well as mitochondrial stasis and dilation of smooth
endoplasmic reticulum (SER) are seen at the top of the
field (arrow), while the bottom appears.similar to the
control.

X 6,152.
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FIGURE 14.

Adjacent field of Figure 13 showing pro-

nounced effect.

High amplitude swelling of mitochon-

dria is quite evident.
stages of deterioration.
endoplasmic reticula
are abundant.

x

a~e

Mitochondria are in various
Numerous areas of dilated
visible.

Lipid droplets

A myelin figure (MF) is also present.

6,152.
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FIGURE 15.

Control specimen on day 5.

Golgi

apparatus (Go) and associated vesicles show
polarity of secretory granules on the side opposite the nucleus (N).

Ribosomes appear to be

largely unattached except in the vicinity of the
cisternae.

Mitochondria are primarily tubular.

The perivascular space (PV) contains microvillous
projections.

X 33,700.
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FIGURE 16.

Experimental specimen on Day 5 shows that

cell boundaries are less well defined.

High amplitude

swelling and disintegration of mitochondria with osmophilic
inclusion bodies are apparent.
membranes are observed.

Lipid droplets (L) without

The endoplasmic reticulum is

dilated; ribosomes are unattached.

A secondary lysosome

(Ly) which is bounded by a single membrane is evident.

x

33,700.
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FIGURE 17.

An enlargement of Figure 15 showing two

Golgi (Go) in different aspects:
transverse.

longitudinal and

Polarity is evident in both, with numerous

secretory vesicles containing granules on the face opposite the nucleus.
with

~he

same consistency as the vesicles are observed

at the cell boundary.

x 47,500.

Unpackaged crystal-like structures

Ribosomes are largely unattached.
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FIGURE 18.

Section illustrating high amplitude

swelling of mitochondria containing vesiculated
cristae in experimental specimen on Day 5.

The

endoplasmic reticulum is predominantly smooth with
ribosomes largely unattached.

The Golgi apparatus

(Go) is dilated; vesicles now appear to be present
on both faces.

A centriole (Cn) in longitudinal

section is quite prominent.

X 47,500.

55

FIGURE 19.

Section illustrating morphology similar

to Figure 18.

A pair of lysosomes is in close proxim-

ity to an autophagic vesicle (AV).
Day 5.

X 47,500.

Experimental specimen
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FIGURE 20.

Section from control animal on Day 6.

At this stage boundaries are poorly defined; morphology
is similar to Day 5.
feature.

Whorled SER (WSer) is prominent

The perivascular spaces (PV) contain numerous

microvilli (MV).

X 6,152.
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FIGURE 21.

Section from experimental animal on Day 6.

The endoplasmic reticulum is greatly dilated in numerous
areas throughout the cytosol.

X 6,152.
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FIGURE 22.

Section from a control animal on Day 6.

The endoplasmic reticulum is either free or in the
proximity of the cisternae; numerous cisternae with
attached ribosomes are apparent.
contains secretory granules.
microvilli.

X 14,080

The Golgi apparatus

Cell boundaries show
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FIGURE 23.

A specimen from experimental animal on Day 6.

High amplitude swelling of mitochondria is pronounced and
Cristae mitochondriales are diminished in number.

The

SER is decreased and a myelin figure (MF) is present in
one mitochondria.

Ribosome content is markedly reduced.

Collagen fibers are visible in two areas.

X 14,080.
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FIGURE 24.

A specimen from experimental animal on Day 6.

Numerous autophagic vacuoles (AV) at various stages of
autodigestion are visible.

This section demonstrates

an alternate stage of mitochondrial change, that of
stasis.

Lipids are abundant showing varying degrees

of saturation as judged from their osmophilicity.

x 14,080.

67

FIGURE 25.

This control specimen on Day 6 shows

cisternae with attached ribosomes.
appear predominantly tubular.
secreting.

Mitochondria

Golgi (Go) are actively

A prominent RER is present as well as

many polysomal aggregates.

X 33,700.
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FIGURE 26.

This section from experimental specimen

on Day 6 shows high amplitude swelling of mitochondria
with reduced numbers of cristae.

The amount of ribosomes

appears to be reduced and largely unattached with a
decreased SER.

X 33,700.
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FIGURE 27.

A control specimen on Day 6.

are tubovesicular.

Mitochondria

Numerous cisternae which are surrounded

by attached ribosomes as well as polysomal configurations
are observed.

Smooth endoplasmic reticulum (SER) and

Golgi apparatus (Go) are well defined at Day 6.

X 47,500.
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FIGURE 28.

An enlargement of Figure 26.

chondria (M) shows a lipid inclusion.

A mito-

X 47,500.
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FIGURE 29.

Experimental specimen on Day 6.

High

amplitude swelling of cristae mitochondriales (M)
and decreased matrical density are observed.
are free and polysomal in configuration.

Ribosomes

X 47,500.
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DISCUSSION

A number of disciplines have been used to better understand
the role which prostaglandins play in mammalian reproductive systems.
These include endocrinology, histology, pharmacology, physiology,
toxicology and teratology (Karim, 1972).

This interdisciplinary

approach has created a burgeoning of publications which have become so numerous that more clinical information is currently available for prostaglandin effects upon reproduction than on any other
system (Pharriss and Ramwell, 1972).

A primary objective has been

to estimate their potential for controlling fertility.
One of the most profound effects exerted by prostaglandins
F 2a, Fla' E2 and E1 was to decrease the progesterone secretion
of the ovary.

This resulted in the regression of the corpus luteum,

an effect defined as luteolysis.

This effect may or may not have

been accompanied by morphological degeneration of luteal tissue
(Labhsetwar, 1974).

It has been the attempt of this ultrastruc-

tural study to better define the effects of prostaglandin

F ~on

2

the corpus luteum of the mouse.
In the present study, the effects observed with prostaglandin
F

· 2a

dosage w.e re observed primarily at the ultrastructural level

and were less pronounced at the light microscopic level.

There
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was no significant difference between experimental and control
tissue at the macroscopic level.
A luteolytic effect of exogenous doses of prostaglandin F 2a
in vivo has been previously shown on intact animals.

These include

the rabbit (Gutknecht et al., 1967), the rat (Pharriss and Wyngarden,
1968), the ewe (McCracken et al., 1970), the hamster (Gutknecht
et al., 1971) and the mouse (Saksena et al., 1974).

Studies have

demonstrated that administration of 200 µg of PGF a can prevent
2
or terminate pregnancy in mice when single doses were administered
on Days, 4, 5, or 6, of gestation (Bartke et al., 1972).

The

luteolytic property of this prostaglandin in early pregnancy of
mice was also observed at levels as low as 100 µg per animal per
day (Labhsetwahr, 1972).

In addition, Persaud (1974) has reported

that administration of 100-200 µg PGF a per animal during the second
2
trimester of pregnancy produced adverse effects upon mouse fetuses.
These included a high incidence of fetal resorbtion and degeneration
of already established parts but no abortions.

Maternal toxicity

was not observed, although embryo toxicity was apparent.

It is

interesting to note that slices of rat ovary incubated with comparable doses of PGF a have actually increased their synthesis of
2
progesterone (Gutknecht et al., 1967, Speroff and Ramwell, 1970,
Pharriss and Shaw, 1974).
The maintenance of the functional state of the corpus luteum
appears to depend upon a group of hormones rather than upon a single
factor.

Although the exact mechanism by which PGF 2a initiates
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the luteolytic responses are unknown, several alternatives have
been suggested.

These include (1) vascular insult to the ovary;

(2) alterations in secretion of gonadotropin; and (3) a direct
effect upon the lutein cells leading to depletion of the
steroidogenic pool of cholesterol.

None of these alternatives

satisfactorily explains luteal degeneration in all species under
all experimental conditions.

Further, not being mutually exclusive,

one or all of them could be involved at certain stages of luteal
degeneration under the appropriate conditions.

Any hypothesis advanced

to interpret prostaglandin-induced luteolysis must consider the
delicacy of the hormonal balances and the heterogeneity of hormonal
requirements for the maintenance of the corpus luteum in different
species.

The mechanisms of action of prostaglandin F a upon mouse

2

corpus luteum remain speculative (Labhsetwar, 1974).
Prostaglandin-induced vasoconstriction has been implicated
as one cause of luteolysis, although conflicting data under different
experimental conditions have left the selective action of this
prostaglandin in doubt.

By decreasing blood flow of the ovarian

·vein of rats, PGF a has been shown to cause vascular stasis of this
2
organ, which is followed by luteolysis (Pharriss and Ramwell, 1972).
Directly associated with venous pooling and subsequent hypoxia are
the ultrastructural and functional effects of acute cell injury
as described by Scarpelli and Trump (1971).

Within one hour of

treatment with PGF a in the present study, acute cell injury becomes
2
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apparent at the ultrastructural level matching closely stage 2
injury (Figure JO).

With repeated dosages, cellular injury has

progressed to stage 4 by day 6 of gestation.
The second postulated luteolytic mechanism is altered secretion
of gonadotropins, viz. follicle stimulating hormone (FSH), luteinizing
hormone (LR) and luteotropic hormone (LTH) (Hafez, 1970).

Although

experimental data have not fully elucidated this mechanism, Pharriss
and Ramwell (1972) have suggested that prostaglandin Fza may competitively antagonize various gonadotropic substances by blocking
LTH.

Further, Labhsetwar (1974) has proposed that increased se-

cretion of LR induced by PGF a administration may cause luteolysis.
2
This prostaglandin may also antagonize the supportive effect of
prolactin on the corpus luteum, although LR is not known to be
luteolytic in the mouse (Labhsetwar, 1974).

The steroidogenic response

to LR is mediated indirectly at the cell membrane of the granulosa
cells by activation of the adenyl cyclase system, which synthesizes
cAMP, which then activates biosynthesis of progesterone.

Henderson

and McNatty (1975) have reported that PGF a inhibits cAMP formation
2
by binding to granulosa cell membranes, thereby making cAMP unavailable for protein kinase activation and thus preventing the conversion
of inactive cholesterol esterase to the active form.

Hence, the

conversion of cholesterol esters to free cholesterol is prevented;
this causes an accumulation of lipid stores.

As a result, the

mitochondria cannot convert free cholesterol into pregnenolone,
the precursor of progesterone. This inhibition culminates in

•
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luteolysis.

The effect upon protein synthesis would not be an im-

mediate one in mammals, which possess long lived messenger RNAs
(Henderson and HcNatty, 1975).
A third alternative to the luteolytic effect of prostaglandin
F a is its direct effect upon the lutein cells.
2

Behrman et al.

(1971) have demonstrated that cholesterol of the lutein cells exists
in both free and esterified pools, with the free pool being the
lipid source for biosynthesis of progesterone.

The size of these

lipid pools is directly controlled by the activities of cholesterol
esterase and of cholesterol synthetase.

PGF a markedly inhibits
2

cholesterol synthetase, with cholesterol esterase being less severely affected.

Such inhibition by prostaglandin interferes

with progesterone synthesis, thereby promoting luteolysis.
At the electron microscopic level, alterations on days 4-6
resembled those of acute cell injury as described by Scarpelli and
Trump (1971).

Such alterations were accompanied by luteolytic

changes on days 5 and 6.
Changes of acute cell injury involve alterations in the
morphology of organelles associated with vital intracellular
functions.

These changes are deleterious and manifest themselves

functionally in altered metabolic pathways.
and functional differences are: (1)

Among these structural

altered cellular volume (Com-

pare Figures 27 and 29); (2) decreased optical density of the cytoplasm due to swelling of cellular components (Figure 3); (3) appearance of lipid droplets in the cytoplasm (Compare Figures 15
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and 16); (4) and movements of plasma membranes, followed by the
development of blebs and elongations.

In this study, the organelles

most notably affected by prostaglandin F a were the mitochondria
2
and the Golgi-endoplasmic reticulum-lysosome system.
In lutein cells of control mice, mitochondria were highly
structured organelles enclosed within a double membrane (Figures 10,
17 and 27).

The inner membranes contained the cristae mitochon-

driales which are the sites for oxidative metabolism and oxidative
phosphorylation.

The matrix contained the Krebs cycle enzymes,

which ultimately assist in providing reducing equivalents for the
respiratory chain.

Both are vital in the production of adenosine 5'-

triphosphate (ATP).

Intact mitochondria are capable of sequestering

+
2+
2+
and releasing K , Mg , and Ca
ions, and may play a part in regulation of cytosol osmolality (Lehninger, 1975). In lutein cells
of experimental mice, mitochondria were swollen, and their matrical
densities showed a progressive decrease (Figures 11, 18, and 29).
These effects were observed within one hour after the initial treatment
on day 4 and also on days 5 and 6.

Such alterations resemble those

following acute cell injury due to reduced blood flow as described
by Scarpelli and Trump (1971). These changes indicate that Krebs
cycle enzymes have been lost, and that mitochondrial oxidative
phosphorylation is uncoupled.
The fact that adjacent fields showed less pronounced effects
may be explained by proximity of neighboring tissues to capillary

£4
supplies of oxygen.

Mitochondria presumably were in different

functional states dependent upon proximity to oxygen, substrate,
and ADP supplies (Figure 13).

Pharriss and Ramwell (1972) have

proposed that such supplies became reduced by vasoconstriction
of ovarian arteries in response to PGF a; this condition results
2
in ovarian hypoxia.
Experimentally induced acute cell injury produces alteration of both mitochondrial structure and function, due to their
acute sensitivity to low oxygen tension (Scarpelli and Trump,
1971).

Swelling of mitchondria and marked impairment of oxida-

tive phosphorylation are effects of acute cell injury which are
seen after 30 minutes in vascular insult.
mitochondrial ATP decrease.

As a result levels of

With their energy reserves depleted,

the mitochondrial active transport processes cannot exclude ions,
and hence the mitochondria swell.
along with Ca

2+

Water flows into the organelle,

ions, which are seen as small osmophilic granules

of calcium phosphate in the matrix.

Since calcium is a potent

uncoupler of oxidative phosphorylation, ATP generation is further
impaired.

2
Subsequently, intramitochondrial K+ and Mg + ions as

well as loosely membrane-bound factors and enzymes essential for
normal function of the Krebs cycle become lost in the cytosol.
In contrast, the succinoxidase system is tightly bound to the inner
membrane and is resistant to acute cell injury.
Repeated doses of PGF a most likely interfered with tightly
2
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coupled mitochondrial oxidative phosphorylation and the production
of 5'-ATP.

In the absence of sufficient energy reserves, the

reported formation of pregnenolone from cholesterol (Lentz, 1971),
the cleavage of cholesterol side chains and the biosynthesis of
sex steroids (Toren et al., 1964; Blanchette, 1966) probably were
severely impaired in the granulosa cells of experimental mice.
Such impairment results in decreased production of progesterone,
and subsequent luteolysis.
The regulation of ion and water shifts, hence of cell volume,
are properties of the plasma membrane.

According to Scarpelli

.
and Trump (1971), the cell poorly controls the influx
of K+ and
efflux of Na+ ions following depletion of ATP reserves. The gradual

+ ions and water precedes increased cellular volume.

influx of Na

Its membranes became stretched, further increasing intracellular
permeability and the influx of sodium and water.

In the present

study, these effects were most pronounced in the luteal cells of
animals dosed with 600 µg of PGF a.
2

Cisternae of the endoplasmic

reticulum were greatly swollen reflecting increased volumes of
intracellular water (Figure 26).

In contrast the membranes of the

endoplasmic reticulum appeared to be markedly reduced in content
in the same figure.

Ribosomes were detached from the dilated mem-

branes of the endoplasmic reticulum (Figures 28, 29).
diminished protein synthesis.

This suggests

The loss of cytoplasmic density

presumably results from a combination of factors:

cytoplasmic

86
swelling, reduced capability of replacing damaged membranes,
and/or accelerated lysosome degradation.
In the present experiment the agranular reticulum receded as
prostaglandin-induced injury of the luteal cell progressed (Compare
Figures 10 and 11, 27 and 28).

As the agranular reticulum decreased

in amount, so too did the enzymes responsible for synthesizing
progesterone and pregnenolone, which are bound into its membranes
(Crisp et al., 1970).

Decreased quantities of SER enzymes is

consistent with the fact that luteal tissue of PGF adosed rats
2
exhibits reduced progesterone biosynthesis, which is associated
with reduced activities of SER-bound cholesterol esterases and
synthetases (Behrman et al., 1971).

Reduced progesterone biosynthesis

may terminate early pregnancy.
The agranular endoplasmic reticulum merges with parallel plates
of Golgi complex (Figure 25).

This organelle functions in the

production of exportable proteins and glycoproteins.

The cytoplasm

of lutein cells contained osmophilic, single membrane bound bodies
called lysosomes which are involved in intracellular digestion
(Figure 12).
According to Scarpelli and Trump (1971), acute cell injury
tends to decrease intracellular pH, since increased ADP/ATP ratios
stimulate glucose breakdown, depletion of glycogen stores, increased
demands on glycolysis, and accumulation of lactate.

A consequence

of prolonged, low intracellular pH is the release of acid hydrolases
(acid phosphatase, cathepsisns, de-oxyribonuclease, ribo.nuclease,
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s-glucuronidase and mannosidase) from lysosomes.

In the late

phases of acute cell injury, these enzymes are capable of hydrolyzing chemical compounds essential to the function and structure
of major cell components.

Lysosomes represent a channeled,

cavitated system, which include phagosomes, secondary lysosomes,
the Golgi apparatus, and the endoplasmic reticulum, designated
GERL (DeDuve and Wattiaux, 1966).

The system digests cellular

components by merging heterophagosomes or autophagosomes with
primary or secondary lysosome containing acid hydrolases.
Digestion then ensues.
Alteration of lysosomes during acute cell injury results from
reduced cellular content of 5'-ATP and changes in the permeability
of lysosomal membranes.
affected.

Initially only K+ ions' permeability is

This results in the swelling of lysosomes due to

imbibition of ions and water.

At this point small substrates in

the cytosol also enter the dilated membranes of the lysosomes.
Subsequent to reduced cellular pH, a depleted ATP content, and
increased swelling, lysosomal membranes dissolve and acid hydrolases
gain access to cellular components.

The accumulation of membrane

debris by secondary lysosomes results in a terminal stage of digestion,
in which the residual bodies are termed lipofuscin pigments (Figure 24).
An increased rate of autophagocytosis is a reaction to cell injury.
In the case of granulosa lutein cells, such digestion is manifested
in luteolysis.
The initial effects of PGF a treatment begins on day 4 and
2
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become more pronounced by day 6.

In addition to high amplitude

swelling of mitochondria, vesiculization of structures containing
organelles in various stages of digestion have developed.

These

resemble autophagic vacuoles noted by Koering and Kirton (1973)
in their study of PGF a-induced luteolysis of the rabbit ovary.
2
The inclusion bodies most readily identifiable are lipid droplets;
some mitochondria are also noted (Figure 24).

Although no histo-

chemical tests were performed to confirm the presence of lysosomal
hydrolases, these vesiculated structures are most probably cytolysomes (Maggi and Oddy, 1968).
In some fields, the changes in cellular morphology manifested
in prostaglandin F a-dosed tissues are alterations progressed to
2
Stage 4 of acute cell injury and beyond (Figure 30).

The fact that

lipids have accumulated could imply an alternate hypothesis that
steroidogenesis may be important in the luteolytic response.
In this ultrastructural study, PGF a appears to induce acute
2
cell injury, both initially, and at all stages of treatment within
the corpus luteum of the ICR-CDl strain of mice.

At the subcellular

level, acute cell injury alone may initiate sufficient deleterious
effects to induce luteal regression.

Nevertheless, any or all of

the three proposed mechanisms of luteolysis described earlier may
be causative or additive agents of these effects.
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